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We investigate the proximity effect in InAs nanowire (NW) junctions with superconducting con-
tacts made of Al. The carrier density in InAs is tuned by means of the back gate voltage Vg. At
high positive Vg the devices feature transport signatures characteristic of diffusive junctions with
highly transparent interfaces – sizable excess current, re-entrant resistance effect and proximity gap
values (∆N ) close to the Al gap (∆0). At decreasing Vg, we observe a reduction of the proximity gap
down to ∆N ≈ ∆0/2 at NW conductances ∼ 2e2/h, which is interpreted in terms of carrier density
dependent reduction of the Al/InAs interface transparency. We demonstrate that the experimental
behavior of ∆N is closely reproduced by a model with shallow potential barrier at the Al/InAs
interface.
A possibility to interface a superconductor (S) with
a metallic (N) state of InAs-based mesoscopic semicon-
ductors is known since at least two decades1,2. High
critical and excess currents, sometimes comparable to
a theoretical upper limit, are reliably observed in InAs
nanowire (NW) Josephson junctions3–5. Observations of
signatures of a Cooper pair splitting6,7 further conform
with high device quality. A recent revival of interest in
proximity effect in S-NW devices emerged in the course
of a search for Majorana zero-energy states8, with the
research targeted at single conduction channel NWs9–12.
Thanks to a well-known Fermi level pinning effect,
which results in a charge accumulation at the surface
of InAs13,14, the NWs grown from this material typically
exhibit low contact resistance to normal metals. For the
superconducting hybrid devices, however, even a weak
interface reflectivity can sufficiently degrade the perfor-
mance by suppressing the Andreev reflection in favor of
the normal quasiparticle scattering15,16. Although the
transparency of the S/NW interfaces can be controlled
by various chemical treatments prior to the deposition of
the superconductor3–5,17 or, alternatively, via the in-situ
MBE growth of the superconductor18, residual imperfec-
tions are still present19,20. One might expect that the
underlying physics can be clarified by tracking the car-
rier density dependence of the proximity effect, since the
effective interface transparency should critically depend
on the shape of the potential barrier.
In this work we study the evolution of the supercon-
ducting proximity effect in an InAs NW with evaporated
Al contacts as a function of electron density in InAs,
which is controlled by means of a global back gate. At
high carrier densities, the transport data is compatible
with highly transparent Al/InAs interfaces and the in-
duced proximity gap (∆N ) is close to the superconduct-
ing gap value in Al (∆0). The observed reduction of
∆N by a factor of two at decreasing carrier density indi-
cates gate-tunable interface transparency, which can be
explained assuming a shallow potential barrier formed at
the Al/InAs interface.
We investigate unintentionally doped catalyst free
InAs NWs grown by MBE on a Si(111) substrate. The
NWs were removed from the substrate in an ultrasonic
bath and drop casted on a piece of commercial n+−doped
Si wafer covered by 300 nm of SiO2. Following a standard
e-beam lithography process and prior to an electron beam
evaporation of Al (150 nm at 1× 10−7 mbar) the sample
was in-situ exposed to Ar ion gun (4.5 sccm Ar flow,
40 V discharge and 400 V accelerating voltage during
4 min) in order to remove the native oxide layer from
the contact regions. The evaporation was performed in
a Plassys MEB 550S system. Transport measurements
were performed in a 3He insert at a base temperature of
0.5 K using a home-made current-voltage converter and a
lock-in amplifier, with an ac bias modulation in the range
of 10-15µV rms at frequencies 17-33 Hz. Altogether we
investigated two devices, one of which had a very weak
capacitive coupling to the back gate and didn’t permit
a wide range tuning of the conductance. In the follow-
ing we concentrate on the data obtained from the second
device.
A false color SEM image of an Al-InAs NW device
identical to the measured one is shown in the inset of
Fig. 1. The InAs NW and five ohmic contacts (lighter col-
ors) are placed on the SiO2/Si substrate (darker color).
The right-most contact was shaped as a 300 nm wide
and 2µm long Al reference channel and had two pairs
of terminals on either side. This contact was used for
reference transport measurements of Al presented be-
low. The critical temperature of the superconducting
phase transition measured in the reference channel is
Tc = 1.20 ± 0.03 K, corresponding to the superconduct-
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2FIG. 1. Conductance of the NW. Main figure: gate voltage
dependencies of the two-terminal linear response NW con-
ductance, taken at 0.5 K and B = 50 mT for the two contact
configurations, see legend. Inset: false color SEM image of the
device identical to the one used throughout the paper. The
contacts 1, 2 and 3 were used for NW measurements. The Al
stripe in the right bottom corner was used for the reference
measurements in Al.
ing energy gap of 183 ± 5µeV in Al contacts. Below we
use a slightly higher gap value of ∆0 = 190µeV, which
allows a better fit of the proximity gap data in InAs.
The two NW sections marked by a cross were not con-
ducting, presumably owing to the electrostatic discharge,
leaving three contacts 1, 2 and 3 available for transport
measurements. The device depicted in Fig. 1 precludes
unambiguous evaluation of the Al/InAs interface resis-
tance. Nevertheless, we have checked that, down to the
gate voltage Vg = 0, the three- and two-terminal resis-
tances are almost identical, up to the wiring contribution
of ∼ 100 Ω. It follows that the equilibration length of the
chemical potential difference across the Al/InAs interface
is well below the width of the contact 2 (360 nm). Below
we discuss only the results of the two-terminal conduc-
tance measurements.
In the main Fig. 1 we plot the Vg dependence of the
linear response conductance, G, for the two NW sec-
tions. For both contact configurations, see legend, the
conductance exhibits an overall increase at increasing Vg
with reproducible mesoscopic fluctuations. Sizable con-
ductance G ∼ 2e2/h around Vg = 0 is a consequence
of the Fermi level pinning at the surface of InAs, which
results in surface charge accumulation in our nominally
undoped NWs13,14. Roughly linear Vg dependence of G
is consistent with previous measurements on these and
other similar NWs19 . The onset of NW conduction al-
lows to roughly estimate21 the NW depletion point (the
threshold voltage) at −10V < Vth < −5V . Within a
simplified 3D charge carrier model this corresponds to
the charge carrier density of 2÷ 4× 1017cm−3 in the un-
gated NW. The estimates of the mobility, ∼ 1000cm2/Vs,
and the mean-free path, l ∼ 20nm at Vg = 0 are consis-
tent with preliminary measurements on the NWs from
the same batch with Ni/Au contacts.
In Fig. 2a we demonstrate the impact of the magnetic
field, B, directed perpendicular to the substrate, on the
NW differential conductance, G = dI/dV . Here, we plot
the bias, V , dependence of G for contacts 1 and 2 at
Vg = 10 V. For |B| > 25 mT, the G is almost independent
of the magnetic field, and the observed weak bias depen-
dence comes from the evolution of the mesoscopic fluctu-
ations. Consistent with this interpretation, we observed
that in this B range the G(V ) traces exhibit both the
local maxima and minima depending on the Vg choice,
see dashed lines in Fig. 2c for more data. In small mag-
netic fields and within the bias window |V | . 200µV
the G increases by ∼ 10% , nearly independent of B
for |B| . 4 mT. This behavior correlates with the four-
terminal resistance, R, measurements of the Al reference
channel. As shown in Fig. 2b, the Al film becomes super-
conducting (R = 0) in small magnetic fields. At increas-
ing |B| above & 3 mT the resistance gradually increases
until reaching the normal state value above 18 mT. The
step-like B dependence of R originates presumably from
a smaller critical field of Al in the narrow channel as
compared to much wider pads (see the inset of Fig. 1).
We conclude that the increase of G in small B in Fig. 2a
is a consequence of the superconducting proximity effect
induced by Al contacts in the InAs NW.
In Fig. 2c we compare the G(V ) traces for the Al con-
tacts in a superconducting state (B = 0, solid lines) and
in a normal state (B = 50 mT, dashed lines) at large posi-
tive gate voltages Vg ≥ 10 V. Here, nearly independent of
Vg, a sharp increase of G is observed at B = 0 around the
bias voltage roughly corresponding to twice the supercon-
ducting energy gap of the Al film e|V | ≈ 2∆0 = 380µeV,
see vertical arrows. This is similar to previously reported
diffusive Al/InAs-NW based SNS junctions3,4. Around
zero bias, the conductance exhibits a sizable local dip,
reminiscent of a well-known re-entrant resistance behav-
ior22–25 observed in normal metal26 and semiconductor2
based NS junctions. In diffusive SNS junctions, the width
of the dip ∼ 50µeV reflects the value of the proximity
minigap, εg, and the Thouless energy, εT ≡ ~D/L2 in
the NW (εg ≈ 3.2εT for highly transparent intefaces27),
consistent with the independent estimate of εT ∼ 15µeV.
The tiny dips around e|V | ≈ ∆0 resolved on the upper
three traces in Fig. 2c are the second MAR features. Al-
together, the data of Fig. 2 indicate a high quality of
Al/InAs interfaces in our devices at large positive Vg,
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FIG. 2. Influence of voltage bias and magnetic field on the superconducting proximity effect. (a): Differential conductance
of the NW as a function of V for a set of B-field values, see legend. Proximity effect results in an increase of G, that can
be suppressed by a small perpendicular magnetic field. G features, which result from the superconductivity (small B) and
mesoscopic oscillations (higher B) are discussed in the text. (b): B-dependence of the four terminal resistance of the Al
reference contact, see the bottom right contact in the inset of Fig. 1. Narrow Al stripe becomes superconducting below ≈ 3 mT
and the normal state is fully restored above ≈ 18 mT. (c): bias voltages dependence of G for several Vg values (legend) in B = 0
(solid lines) and B = 50 mT (dashed lines). Vertical arrows mark the positions |V | = 2∆0/e. The NW data in (a) and (c) were
taken for the contact configuration 1-2.
similar to the state of the art Al/InAs-NW devices with
evaporated Al3,19.
We gain further insight about the transparency of the
Al/InAs interfaces in our SNS junctions from the analysis
of the excess current, defined as
Iexc =
∫ |Vhigh|
0
[G(B = 0)−G(B)]d|V |,
where the differential conductances G(B = 0), G(B) are
measured at zero and high enough magnetic fields, re-
spectively, and the upper bias limit is |Vhigh| > 2∆0/e.
In Fig. 3 we plot the gate voltage dependence of the
product IexcRN for Vhigh = ±800µV, where RN is the
linear response normal state resistance of the NW. As
already expected from the data of Fig. 2, we observe a
positive excess current. Within the experimental uncer-
tainty, IexcRN is independent of the bias polarity and the
observed data scatter is a consequence of mesoscopic fluc-
tuations. Overall, in Fig. 3 we observe a reduction of Iexc
at decreasing Vg, which occurs faster than the increase of
RN . The highest measured values of the excess current
reach eIexc ≈ R−1N ∆0/3, which is still a factor of 5 lower
than the ideal value of eIexc ≈ (pi2/4−1)R−1N ∆0 in a dif-
fusive coherent SNS junction22,28 or the value 1.05R−1N ∆0
in a short double barrier SINIS junction29. The reduc-
tion of Iexc can originate from the interface scattering
and/or the loss of coherence in InAs. In our devices, the
ratio of the superconducting coherence length in InAs,
ξ = (~D/∆0)1/2 and the junction length L is ξ/L ∼ 1/2,
which cannot alone explain the effect27. We conclude
that the role of the Al/InAs interfaces is important for
the observed reduction of Iexc, similar to Ref.
19, where
comparable values of Iexc in long junctions were observed.
A close inspection of the bias dependent G over the
extended gate voltage interval further clarifies the origin
of the interface scattering. In Fig. 4a we show a color-
scale plot of the derivative |dG/dV | as a function of both
V and Vg. This data was obtained for the junction be-
tween the contacts 2 and 3. The most pronounced feature
is the sharp change of G, which manifests itself as two
wide bright lines for positive and negative bias voltages
in Fig. 4a. The bias positions of the lines, |V | ≈ 2∆0/e,
are almost independent of the gate voltage for Vg & 15 V.
At lower Vg, however, the lines start to converge rapidly
and become fainter, which corresponds to the weakening
of the G features. This behavior is detailed in Fig. 4b,
where the selected traces G(V ) are plotted for various Vg.
For instance, the traces at Vg = 7.4 V and Vg = 3 V ex-
hibit conductance steps at, roughly, |V | ≈ 1.4∆0/e and
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FIG. 3. Excess current. Vg dependence of the product IexcRN
calculated from the conductance data for the NW contacts 1-
2. The data for the positive bias voltages is represented by
circles, the data for the negative V by crosses. The dashed
line is a guide to the eye. The reduction of IexcRN compared
to the theoretical upper limit is a joint effect of the reduced
interface transparency and the incoherent transport regime,
see text.
|V | ≈ ∆0/e, respectively, see the vertical arrows. Con-
ductance features in NS, as well as SNS, junctions are a
complex function of a two-gap density of states in such
systems30–32, one being the superconductor energy gap,
∆0, and the other, ∆N , the proximity induced gap in
the N region. In the following, we relate the positions
of the discussed G features with the values of the prox-
imity gap induced in InAs underneath the Al contacts,
|V | = 2∆N/e. The data of Fig. 4, therefore, demon-
strates that ∆N is a strong function of the charge carrier
density in the NW.
The diminished proximity gap is a consequence of the
reduced transparency of the Al/InAs interfaces, as deter-
mined by an implicit relation31:
∆N =
∆0
1 + 0.56γB
√
1− (∆N/∆0)2
. (1)
Here, γB ≡ σN/(GIξN ) is the interface parameter,
which is determined by the InAs conductivity σN , the
coherence length ξN = (~D/∆0)1/2, where D is the dif-
fusion coefficient in InAs, and the interface conductance
per unit area, GI . The latter is expressed by a general-
ized Sharvin formula, GI = (e
2/h) 〈T 〉 k2F /2pi, where kF
is the Fermi wave vector in InAs and 〈T 〉 is the angle av-
eraged transmission probability of the interface. In the
following, we compare the evolution of the conductance
features in Fig. 4 with the behavior of ∆N for two models
of the interface scattering potential.
The inevitable source of scattering at the interface
of two different materials lies in a mismatch of their
Fermi velocities33. The case of Al and InAs is special
in that the small Fermi momentum in InAs is compen-
sated by the small electronic effective mass ≈ 0.023me,
as compared to Al. This gives rise in almost ideally
matched Fermi velocities at carrier densities on the order
of Ne = 10
18 cm−3 in InAs. We estimate that in our de-
vices this source of scattering results in 〈T 〉 ≥ 0.7 (and
γB  1) for Vg > 0 and thus can be safely neglected.
The conventional approach to the interface scattering
is based on a BTK formalism34, which postulates a δ-
shaped tunnel barrier at the interface. The strength of
the barrier is characterized by a dimensionless parame-
ter Z = Z0/ cos θ, where Z0 ∝ 1/vF , vF is the Fermi
velocity in InAs and θ is the angle of incidence with re-
spect to the normal to the interface. The angle-averaged
transmission probability, T ≡ 1/(1 + Z2), is given by
〈T 〉 = 1 − Z20 ln (1 + Z−20 ). Using eq. (1) we calculate
the gate voltage dependence of the proximity gap and
plot it in Fig. 4a. The best fit to the conductance fea-
tures at V = ±∆N/e was obtained assuming Z0 ≈ 1.4 at
Ne = 1 × 1018 cm−3 (dashed-dotted lines). The fit cap-
tures well the overall reduction of ∆N predicting a nearly
monotonic Vg dependence, but fails to closely reproduce
the experimental behavior in Fig. 4. This observation,
however, can be tackled assuming a shallow rectangular
potential barrier of height U and thickness t formed at
the Al/InAs interface. The Vg dependence of ∆N for
such a barrier is shown by the dashed lines in Fig. 4a.
This fit is obtained for U = 90 meV and t = 13 nm and
closely reproduces the experimental behavior of conduc-
tance features. The saturation of ∆N ≈ ∆0 occurs in
this case well above the Vg ≈ 4 V, which corresponds to
a match of the Fermi energy and the classical turning
point of the barrier, EF = U .
The difference between the two models of the interface
barrier is highlighted in Fig. 5, where we plot the Vg de-
pendencies of the interface parameter γB used to fit the
data of Fig. 4a. The much stronger dependence for the
case of rectangular barrier (open circles) is explained by
the exponential suppression35 of 〈T 〉 for EF  U , in con-
trast to the power law EF dependence in the BTK case.
Note, that for the rectangular barrier and high positive
Vg the model predicts an almost ideal interface trans-
parency with γB ≈ 0.3, which might be difficult to cor-
relate with the observation of IexcRN < ∆0/e in Fig. 3.
We expect that a slightly higher value of γB ∼ 1 would
be more realistic in our device in the high carrier density
regime, similar to a recent report in epitaxial Al/InAs
heterostructures20.
The physical possibility of some kind of a shallow bar-
rier at the Al/InAs interface seems natural. On the
one hand, a strong insulating temperature dependence in
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FIG. 4. Gate voltage dependence of the proximity gap induced in InAs. (a): color scale plot of the absolute value of the
derivative |dG/dV | as a function of Vg and V . The two brightest lines correspond to the sharp change of G at the bias positions
of the doubled proximity gap V = ±2∆N/e. The dashed line and the dash-dotted line are the fits obtained, respectively, for
the model of shallow rectangular potential barrier at the Al/InAs interface and for the BTK δ-shaped potential model. (b):
representative traces G vs V for several gate voltages. The positions V = ±2∆N/e for the two lowest traces are marked by
vertical arrows. All the data is obtained at B = 0 for the contacts 2-3, the data in (a) were symmetrized with respect to the
bias reversal.
NWs with Al contacts at negative gate voltages, which is
observed even in the highest quality structures18, is qual-
itatively compatible with a thermal activation over such
barrier. The formation of schottky barriers of the height
on the order of 100 meV were reported roughly indepen-
dent of the NW diameter36 and for various metals37. On
the other hand, the barrier thickness of t = 13 nm, used
to describe the data of Fig. 4, is the same order of mag-
nitude as the Bohr radius in InAs (∼ 35 nm), which sets
a natural length scale for the band bending.
In summary, we investigated the proximity effect and
its gate voltage dependence in Al/InAs NW/Al diffusive
junctions. At high positive Vg several differential con-
ductance features indicate highly transparent Al/InAs
interfaces. However, at decreasing Vg the proximity ef-
fect weakens and the value of the proximity gap, induced
underneath the Al contacts, reduces by almost a factor
of two compared to the Al superconducting gap. This
observation is interpreted in terms of the carrier density
dependent transparency of the Al/InAs interfaces, which
is best described by assuming that a shallow potential
barrier is present at the interface. Our results clarify
possible origin of the interface scattering in Al/InAs NWs
devices, suggesting that a control of the carrier density
in the contact region might be helpful for future applica-
tions.
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